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1.0 INTRODUCTION

Optical signal switching with the use of crossbar switching arrays is necessary in systems that rely
on the transmission and processing of optical signals, such as in optical computing, optical
interconnects, long-haul optical communications, and local area networks. Each application of
optical crossbar switches imposes slightly different requirements on the performance of the
switching network. Communication networks require low insertion loss, high data bandwidth,
small crosstalk, fast switching speed, and compatibility of the interface with the optical fibers.
Highly parallel interconnection networks for computing systems give more weight to the flexibility
of the array size and interconnect architecture, that is, to switching pattern reconfigurability. The
primary advantage of photonic crossbar switching is its capability to handle very wide band signals
while fulfilling all other requirements.

Currently, optical crossbar switches require at least N2 switching elements to perform N x N
switching. To handle a large number of channels with high throughput and minimal crosstalk,
such crossbar devices are difficult to realize because of the limitations of current switching device
architectures and fabrication technologies. For example, the fiber optic PLZT crossbar, developed
by Optivision (1), can work at gigahertz data rate and is capable of interconnecting M input fibers
to N output fibers with an arbitrary interconnection pattern. However, to achieve high ON-OFF
contrast ratio and low transmission loss, it requires a very high half-wave voltage
(up to 200 volts). This limits the configuration time of the switch to about 20 ps and increases
the system power dissipation. Furthermore, it requires a large number of fiber splitters (2N) and
lenses (2N2) for an N x N network; the result is a very bulky switching device.

An integrated optical crossbar technology has better compactness and ruggedness. It is based
primarily on the electro-optic switch array [2.3] and on LiNbO3 waveguides. To achieve non-
blocking characteristics, N2 switches are also required in an N x N switching network. Despite
excellent high-speed (~nsec) element switching and relatively small device size, the number of
channels is strongly limited by crosstalk (including electrical signal crosstalk) accumulated in the
system at each switching element. Some state-of-the-art integrated crossbars have demonstrated
8 x 8 switching 14]; however, fiber/waveguide pigtailing is required for these devices to be useful
for fiber optic communication.

Both bulk and integrated devices need at least a N2 switching element for the N x N crossbar
switch. The system crosstalk level can easily be accumulated through the large number of switch
elements. Furthermore, the reconfiguration circuits are quite complex since under non-blocking

1
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conditions the change of one pathwzay may affect the other pathways. The status of the many
switch elements must be changed according to a calculated non-blocking switching pattern. Thus,
reconfiguration rate (not element switching rate) will be slow; this is in addition to the crosstalk
disadvantage just mentioned. The needs for high speed reconfiguration, low crosstalk, fiber
interfacability, and multi-wavelength applicability call on the need for a new device structure for the
crossbar switch.

The Phase I research, as proposed by Physical Optics Corporation (POC), was essentially a
feasibility study of a new device architecture for optical crossbars. The architectures of the
fiber-based crossbar and the waveguide-based crossbar are depicted in Figures 1-1 and 1-2,
respectively. They both utilize ring resonator switches to perform highly wavelength-selective
switchings. Only 2N switching elements are obviously needed for such crossbar structures. The
accomplishment of Phase I work can be summarized as follows.

(D We studied the principle of the crossbar switch structure. Theoretical results were positive,
showing that the proposed device structure is experimentally feasible.

(2) The fiber ring resonator, as a fundamental building block of the fiber-based crossbar, was
constructed to experimenta:ly demonstrate the feasibility of the crossbar concept. This
fiber-based crossbar can find an immediate application in fiber communication networks
without additional interface effort and it has the potential for near-term commercialization
despite its bulkiness.

3) The waveguide bending and propagation loss was identified in Phase I as the fundamental
issue that will limit the performance of the waveguide-based crossbar. The low loss
waveguide device has yet to be demonstrated for ring crossbar applications.

Emphasizing the waveguide ring device in Phase I, as originally planned, would have
focused our research on low loss waveguide fabrication. This was found to be unrealistic
due to the time constraints of the Phase I program. It obviously would de-emphasize the
major program goal of demonstrating the feasibility of the new crossbar concept. Hence,
in consultation with the program monitor, the waveguide based ring device study was
changed to the above fiber ring device demonstration for the Phase I feasibility study. The
waveguide-based device, with compactness, high speed, and lower cost batch fabrication,
is still a potential research direction for future study.
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4 We demonstrated fiber/waveguide pigtailing. This demonstration showed that current
piezoelectric driven ring resonators can be replaced by fiber pigtailed waveguide phase

modulators to obtain GHz crossbar reconfiguration speeds.
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Figure 1-1
Fiber-based N x N crossbar switching system using only 2N switches.
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Figure 1-2
Waveguide-based N x N crossbar switching system using also only 2N switches.

2.0 THE CROSSBAR SWITCH
2.1 Switch Structure

A novel device structure for N x N crossbar switching, using only 2N switching elements is
depicted in Figures 1-1 and 1-2. This device, as proposed by POC, is suitable for multi-
wavelength applications with recently demonstrated wavelength selectable laser light sources (5] or
multiple laser sources. Electro-optic tunable ring resonators are the fundamental switching
elements that perform the required wavelength selective switching, fan-in, and fanout. Wavelength
selectivity comes from the ring mode condition. Only the incoming wavelengths that satisfy the
ring mode condition can be resonantly coupled and transmitted from the input channel to the trunk
fiber (or waveguide), and visa versa. Any incoming signal wavelength, say A3, can be fed into the

‘ trunk fiber (or waveguide) after tuning the switching voltage on electrode #3 of the first switch
4




Final 0593.3188 EO-RING
F49620-92-C-0076

group so that the ring resonant condition on ring #3 is satisfied. The signal propagating on A3 in
the trunk fiber (or waveguide) can be selectively picked up by any of the switching elements of the
second switch group by similarly tuning tk. ring resonance. Using this type of crossbar structure,
any two-way non-blocking switching pattern can be realized with a minimum number (2N) of
electro-optic switching elements. This includes one-to-many fan-outs, many-to-one fan-ins, and
many-to-many data communication patterns. Active wavelength division multiplexing and
demultiplexing can also be performed with crossbar switch system.

To perfect the novel N x N crossbar as a fundamental building block, the tunable ring resonator
switch schematically depicted in Figure 2-1 for the fiber device or Figure 2-2 for the waveguide
device must first be studied and understood. Our Phase I research objective was to perform a
feasibility analysis for the N x N crossbar switch. Thus, demonstrating suitable ring resonator
swiich performance, for either the fiber-ring or the waveguide ring, was the primary concern.
During device design and fabrication, we considered the effects of mode effective index, the
coupling constant from the straight channel to the ring, propagation loss, bending loss, ring size,
tuning performance, switch throughput, and multi-wavelength crosstalk.

Directional
Coupler
Input PM Fiber 3 L
. Directional
Coupier
Piezoelectric 7
Tuner
Fiber Ring
Output PM Fiber
Figure 2-1

Fiber ring switch element.
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Figure 2-2
Waveguide ring switch element.
2.2 Ring Resonator

The ring resonator (6] is a loop in which light is made to interfere with itself. If the dimensions of
the resonator are fixed, particular wavelengths will constructively interfere and produce a high
coupling intensity in the ring while others will have destructive interference and cause negligible
coupling from the straight channel and the ring. For the sake of generality, in this section, the
theoretical modeling applies to both fiber and waveguide ring devices.

Consider the ring resonator depicted in Figure 2-3. This type of ring resonator is a direct coupled
ring resonator [7). The input directional coupler has a power coupling ratio, kj, and excess Ioss.
g1, while the output directional coupler (or tap coupler) has a power coupling ratio, kj, and excess
loss, g2. The ring length from the input coupler to the output coupler is £; and the ring length
from the output coupler to the input coupler is £2. The input optical field components to the
couplers are designated with a superscript t and the output optical field components from the
couplers are designated with a superscript a.
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Tmerser——————
Es k2 & Ef

Figure 2-3
Direct coupled ring resonator couplings and field definitions.

The relationship between the field components are:

Eq!' = Eg2 expl(-a + }P) £2] ()
E2'= Ejp ()
E7'= E4? expl(-a + jB) £1] 3)
E32 = (1-k )2 (1-gnD2 Ext + j k1 12 (1-g )12 Ey! (4)
Es2= (1-kpY2 (1-gn12 Ejt + j k1 12 (1-g 12 Ext (5)
Es? = (1-k2)12 (1-g)12 Egt + j k2172 (1-g) 12 E7! 6
Ee? = (1-k2) /2 (1-g2)12 Eqt + j k2172 (1-g2) 12 Eg! (7)

where a is the field attenuation constant in the ring and B is the propagation constant of the optical
mode. There is no input from port 8 and all power circulation is in a clockwise direction. Thus,
we have Egt = 0. The solution of these equations is:
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5 ) _(l_gl)uz(] gw)”‘k” k”‘exp{ —a+JB) ] (8)
E. 1-(1-k) " (1-2,) " (1-k,) " (1-g,) " exp[-a(f, + &) + B (€, +,)]

The transmission coefficient T, from input port 2 to output port 5, is given by

E

‘ Tl T2 exp(—2a [1)
E,,,|

2
5 = 9)

(I—J——Xz) +4 J—X251n ( ([1;[2)]

nE

where
=k (1-g1) (10)
T2 =k2 (1-g2) (1
X1 = (1-ky) (1-g1) exp(-2c £1) (12)
X2 = (1-k2) (1-g2) exp(-2a £2) (13)

The maximum transmission, Tmax, and minimum transmission, T, can be expressed as

T, T, exp(-20,)

T, = 14
max (1 _ r—xl Xz)z ( )
Ty T, exp(-2a¢
a1+ ,/XI X2)
respectively. A simple derivation gives the finesse, F, of the ring resonator to be
1/4
X1 X

1- XX,
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The free spectral range, FSR, and free wavelength range, FWR, are given by

C

FSR = ———— 17
a6 +0) an

}‘2
FWR = 18
n(f,+4,)-A (%)

while the corresponding frequency and wavelength :ransmission bandwidth (FWHM) can be
expressed as

Af = FSR
F (19)
AA =T 20)

These equations are general and can be applied to any ring type resonator provided that the
specified device parameters are known. Hence, they can be used to analyze fiber ring resonators
as well as waveguide ring resonators.

When a cross coupled ring resonator (8 is used, see Figure 2-4, the formulas are slightly
different.
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44

Figure 2-4
Cross coupled ring resonator couplings and field definitions.

With field components defined in Figure 2-4, their relationships are:
Eit = Egd expl(-a + jP) £2]
E7'=Ein
E7' = E4? expl(-a + jB) £1]
E3? = (1-k)12 (1-g)12 Et + Ky 12(1-g )12 Ept
Eq? = (1-k)V2 (1-g1)V2 Egt + j k1172 (1-g1) 12 Ey!
Es? = (1-kp)12 (1-g2)12 Eg! + j k12 (1-g2)1/2 E7t

Ee2 = (1-k2)172 (1-g2)12 Eqt + j kp1/2 (1-g)1/2 Egt

10

21
(22)
(23)
(24)
(25)
(26)

@)
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Obviously, only Eqgs. (24) and (25) are different than Eqgs. (4) and (5) for the direct coupled ring
resonator. Similar derivation results in the transmission coefficient

E

T s 2 b exp(-2a¢,) 28)
T EL | 1+ 2aexp(~aft, + £,))sin B (¢, +£,) + a’exp(-2 a (¢, +£,))
where
a= \/kl (1 - gx)(l_kz)(l_gz) (29)
b=k, (1 - 82)(1 - kn)(l" 8 ) (30)
The maximum and minimum transmission, in this case, can be expressed as
Toax = b exp(—2a¢,) 2 an
[1 —aexp(-a (¢, + (’2))]
Toy = b exp(-2a.¢;) i 32)
[1 +a exp(—a (4 + (’2))]
The finesse of the cross coupled ring resonator is
n.ja exp(—oll, + ¢
F=. \/ XP( ( 1 2)) 33)

[1 - a exp(—o (4, + éz))]

The equations for free spectral range, free wavelength range, and selectivity bandwidths are
identical to the direct coupled ring resonator (Egs. (17) to (20)).

2.3 Resonance Tuning

For either direct coupled or cross coupled ring resonator, the resonance coupling mode condition is
given as

11
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mA=nf+An,. L. + AnL (34)

where m is the resonator mode number assumning integer values, A is the free space wavelength, n
is the effective index of the ring fiber or waveguide, An is the index modulation tuned by the
electro-optic effect or piezoelectric effect, £ is the resonator loop length, L is the electrode length,
and Anpc is the index modulation set by the DC bias for initial adjustment by a DC electrode with
length Lpc (see Figure 2-2). The effective use of DC bias sets the threshold voltage and
compensates for thermal effects.

For a set values of n, £, Anpc, Lpc, An, and L, the wavelength A that satisfies Eq. (34) with an
integer m will give resonant coupling. However, a wavelength shifting away from this coupling
condition will not satisfy the equation, resulting in a low coupling intensity until another integer
m + 1 is reached. Figure 2-5 shows a spectral response of the resonator at ports 3 and 5 of
Figures 2-3 and 2-4. The spectral frequency of an optical wave is related to its wavelength by
f = c/A, where c is the light speed in vacuum. The width of the resonance, Af, is defined as the
full width at half maxiiiuin and can be calculated with Eq. (19). The free spectral range calculated
with Eq. (17) is also defined as the frequency separation between the two response peaks. The
output waveform at port 5 is inverted from that of port 3, because of the resonant coupled energy
loss and gain at these ports. When at resonance, the light in the loop resonator actually interferes
destructively (in direct coupled ring resonators) or constructively (in cross coupled ring resonators)
with the light in the feeder channel. Energy accumulates in the ring and the output port S has a
high-intensity. When at off resonance, less energy will be coupled into the ring so that port 3 has a
high-intensity throughput but port 5 receives less optical power.

Intensity Output

Figure 2-5
The output of ring resonator as a function of input optical frequency.

12
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The transmission performance at port 5 is similar to a two-mirror Fabry-Perot resonator system.
However, in contrast to two-mirror Fabry-Perot resonators, the ring resonator suppresses
unwanted back reflection that causes instability in the wavelength and intensity of the laser diode I
sources. Secondly, ring resonators allow the wavelength multiplexing and demultiplexing (see
Figures 1-1 and 1-2) that two-mirror Fabry-Perot devices cannot perform alone. The finesse of
the ring resonator system is equal to the FSR divided by Af and can be found with Eq. (16) or
(33). The larger the finesse, the better the wavelength selectivity with a fixed loop length.

2.4 Calculation Results

Based on the above ring resonator formulations, we analyzed the effect of coupler efficiencies,
losses, and ring loop lengths to the selectivity and system throughput.

Tables 1 to 3 show computer-calculated results of various coupling efficiencies for direct coupled
fiber ring resonators. As can be seen, weak coupling (2%) at both input and output couplers result
in a strong resonance with a finesse of more than 100 and maximum transmission of 44.13%.
Increasing the coupler's coupling efficiency to 3% decreases the finesse to 77.5, but increases the
maximum transmission to over 55%. In both cases, we assumed a coupler excess loss of 1%.
Reducing the coupler loss can significantly improve the finesse value. For a resonator with weak
input coupling and no tap coupling, the finesse can be even higher. Table 3 shows less than 0.5%
input coupling and 0.1% coupler loss. The finesse in this case can be over 1000. In fact,
experimental results obtained by others 9 have confirmed the possibility of such extremely high
finesse. In our crossbar structure, tap or output couplers are required. Thus, a reasonable
expectation for finesse is on the order of 50 to 100. When the finesse is 100, it is possible to
construct a 100 x 100 crossbar switch that may never be possible based on other crossbar
architectures. Resonant tuning can be performed using either a piezoelectric technique or a
wiermal-control technique for the fiber-based ring device. Resonant tuning can also be performed
by using low-loss fiber-pigtailed waveguide phase modulator, as will be discussed later, for high
speed reconfiguration advantages.

13
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Table 1 Fiber-Based Ring Resonator with 2% Input and Output Couplings

Ring Resonator Calculation Results

input Coupler Efficiency =

input Coupler Loss =

Tap Coupler Efficiency =

Tap Coupler Loss =

Input To Tap Coupler Distance =
Tap To Input Coupler Distance =
Laser Wavelength =

Ring Propagation Loss =
Refractive Index Of The Ring =
Total Transmission =

Finesse =

Maximum Transmission =
Minimum Transmission =

Free Spectral Range =
Frequency Bandwidth (FWHM) =
Free Wavelength Range =
Wavelength Bandwidth (FWHM) =

.02000
.01000
.02000
.01000
100.00000 mm
100.00000 mm
632.80000 nm
- .200 dB/&m
1.45670
.02733 %
103.82409
4413322 %
01010 %
1029.012483 MHz
9.911115 MHz
.0013745 nm
.0000132 nm

Table 2 Fiber-Based Ring Resonator with 3% input and Output Couplings

Ring Resonator Caiculation Results

Input Coupler Efficiency =
Input Coupler Loss =

Tap Coupler Efficiency =

Tap Coupler Loss =

input To Tap Coupler Distance
Tap To Input Coupler Distance
Laser Wavelength =

Fling Propagation Loss =
Refractive index Of The Ring =
Total Transmission =

Finesse =

Maximum Transmission =
Minimum Transmission =

Free Spectral Range =
Frequency Bandwidth (FWHM)
Free Wavelength Range =
Wavelength Bandwidth (FWHM) =

.03000
.01000
.03000
.01000
100.00000 mm
100.00000 mm
632.80000 nm
-.200 dB/km
1.45670
06209 %
77.53779
55.95426 %
02285 %
1029.012483 MHz
13.271109 MHz
.0013745 nm
.0000177 nm

14
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Table 3 Fiber-Based Ring Resonator with 0.5% Input Coupling and No Output Coupling

Ring Resonator Calculation Results

input Coupler Efficiency =

Input Coupler Loss =

Tap Coupler Efficiency =

Tap Coupler Loss =

Input To Tap Coupler Distance =
Tap To Input Coupler Distance =
Laser Wavelength =

Ring Propagation Loss =
Refractive Index Of The Ring =
Total Transmission =

Finesse =

Maximum Transmission =
Minimum Transmission =

Free Spectral Range =
Frequency Bandwidth (FWHM) =
Free Wavelength Range =
Wavelength Bandwidth (FWHM) =

.00500
.00100
.00000
.00000
100.00000 mm
100.00000 mm
632.80000 nm
- .200 dB/km
1.45670
00000 %
1043.32766
.00000 %
00000 %
1029.012483 MHz
986279 MHz
.0013745 nm
.0000013 nm

Tables 4 to 7 show the effect of reducing the loop length. For a low-loss fiber-based ring
resonator, reducing the loop length from 300 mm (150 mm + 150 mm) to 100 mm increases the
finesse from 103.816 to 103.832 while the maximum transmission under a proper tuning bias
changes from 44.13% to 44.14% (Tables 4 and 5). Clearly, for a low-loss ring, the effect to the
maximum transmission and finesse is negligible. However, the free spectral range increases from
666.21 MHz to 1998.62 MHz and the frequency selectivity bandwidth increases from 6.42 MHz
to 19.25 MHz. We found that when the laser linewidth is not very narrow (see Section 2.6), it is
desirable to use a ring resonator with small loop length and large frequency selectivity bandwidth.
Furthermore, a small loop length allows faster device response, especially useful for high data rate
applications. The waveguide-based ring resonator may be more desirable than the fiber-based

resonator with a small loop length due to batch fabrication advantages.
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Table 4 Fiber-Based Ring Resonator with 300-mm Loop Length

Ring Resonator Calculation Results

input Coupler Efficiency = .02000

input Coupler Loss = .01000

Tap Coupler Efficiency = .02000

Tap Coupler Loss = .01000

input To Tap Coupler Distance = 150.00000 mm

Tap To Input Coupler Distance = 150.00000 mm

Laser Wavelength = 632.80000 nm

Ring Propagation Loss = -.200 dB/km

Refractive Index Of The Ring = 1.50000

Total Transmission = - 07009 %

Finesse = 103.81618

Maximum Transmission = 4412651 %

Minimum Transmission = .01010 %

Free Spectral Range = 666.205549 MHz

Frequency Bandwidth (FWHM) = 6.417165 MHz

Free Wavelength Range = .0008899 nm

Wavelength Bandwidth (FWHM) = .0000086 nm
Table 5 Fiber Ring Resonator with 100-mm Loop Length

Ring Resonator Calculation Results

input Coupler Efficiency = .02000

Input Coupler Loss = .01000

Tap Coupler Efficiency = .02000

Tap Coupler Loss = .01000

input To Tap Coupler Distance = 50.00000 mm
Tap To Input Coupler Distance = 50.00000 mm
Laser Wavelength = 632.80000 nm
Ring Propagation Loss = -.200 dB/km
Refractive Index Of The Ring = 1.50000

Total Transmission = 01601 %
Finesse = 103.83199
Maximum Transmission = 4413994 %
Minimum Transmission = 01010 %
Free Spectral Range = 1998.616646 MHz
Frequency Bandwidth (FWHM) = 19.248564 MHz
Free Wavelength Range = .0026696 nm
Wavelength Bandwidth (FWHM) = .0000257 nm
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Tables 6 and 7 show the effect of reducing the loop length under a relatively high loop propaganon
loss. The present loop propagation of -0.2 dB/cm or -20000 dB/km is suitable to describe a
conventional optical waveguide. Changing the loop length from 100 mm (50 mm + 50 mm) to
20 mm increases the free spectral range from 1998.62 MHz to 9993.08 MHz and the frequency
bandwidth from 166.20 MHz to 242.78 MHz. This effect is the same predicted in the low loop
loss case. However in this case, the maximum transmission increases from 0.59% to 6.94% while
the finesse increases from 12.03 to 41.16. The small increase in maximum transmission can be
compensated for by using other coupling efficiency values with some trade-off in system finesse.

Table 6 Lossy Ring Resonator (-0.2 dB/cm) with 100-mm Loop Length

Ring Resonator Caiculation Results

Input Coupler Efficiency = .02000

Input Coupler Loss = 01000

Tap Coupler Efficiency = .02000

Tap Coupler Loss = .01000

Input To Tap Coupler Distance = 50.00000 mm
Tap To Input Coupler Distance = 50.00000 mm
Laser Wavelength = 632.80000 nm
Ring Propagation Loss = -20000.000 dB/km
Refractive Index Of The Ring = 1.50000

Total Transmission = 01560 %
Finesse = 12.02529
Maximum Transmission = 59205 %
Minimum Transmission = .00993 %
Free Spectral Range = 1998.616646 MHz
Frequency Bandwidth (FWHM) = 166.201143 MHz
Free Wavelength Range = 0026696 nm
Wavelength Bandwidth (FWHM) = .0002220 nm
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Table 7 Lossy Ring Resonator (-0.2 dB/cm) with-20 mm Loop Length

Ring Resonator Calculation Results
inpL. Coupler Efficiency = .02000
input Coupler Loss = 01000
Tap Coupler Efficiency = .02000
Tap Coupler Loss = .01000
Input To Tap Coupler Distance = 10.00000 mm
Tap To Input Coupler Distance = 10.00000 mm
Laser Wavelength = 632.80000 nm
Ring Propagation Loss = -20000.000 dB/km
Refractive index Of The Ring = 1.50000
Total Transmission = .01306 %
Finesse = 41.16167
Maximum Transmission = 6.93674 %
Minimum Transmission = 01009 %
Free Spectral Range = 9993.083228 MHz
Frequency Bandwidth (FWHM) = 242776448 MHz
Free Wavelength Range = 0133481 nm
Wavelength Bandwidth (FWHM) = .0003243 nm

2.5 Phase I Prototype Structure Selection and Design

Waveguide-based ring resonators use channel waveguide structures instead of low-loss optical
fibers. The advantages of the waveguide structure are its compact structure, capability of being
batch fabricated, and its high-speed electro-optic tunability. However, the waveguide devices
suffer from large waveguide propagation loss. Low-loss waveguides (-2.6 dB/m
or - 0.026 dB/cm) have been demonstrated on silica-on-silicon waveguides [10]. Based on this
technology, a wide FSR waveguide double-ring resonator with a firesse of 182 has been
demonstrated [6]. This silica-on-silicon waveguide technology does not take advantage of high-
speed electro-optic tuning. Rather, it relies on thermal optic tuning with a typical speed of less than
0.8 msec.

On an electro-optic substrate, waveguides generally have higher loss; in a proton exchanged Z-cut
LiNbO3 waveguide, the loss is on the order of -0.2 dB/cm--about one order of magnitude higher
than the silica-on-silicon waveguide. The higher loss greatly reduces the finesse and maximum
transmission of the ring resonator. Results, based on a loss of -0.2 dB/cm or -20000 dB/km, are
given in Tables 8 and 9. A smaller ring size, £; = £2 = 10 mm, was used in these calculations
because of the integrated structure. Both weak and strong coupling cases are shown. Under 2%
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weak coupling and 1% coupler loss, the device will have a finesse of about 41 and only 6.9%
maximum transmission. Compared to fiber devices, the waveguide loss has a strong effect on
finesse and maximum transmission. With 10% coupling and 1% coupler loss, the device will have
a better maximum transmission of 42% but a poorer finesse, only 19.4. Clearly, there is a trade-
off between resonator finesse and maximum throughput transmission.

These calculations have assumed that there is no additional waveguide loss due to bending. In
fact, a small bending radius will produce additional bending loss in the waveguide. Based on
theoretical estimations [11] for a ring size of £1 = £2 = 10 mm, the bending loss is generally
negligible. However, the experimental results are much poorer than the theoretical predictions.
For a 1-cm-diameter ring waveguide on a proton exchanged Z-cut LiNbO3 waveguide, the total
ring loss has been measured at about -4.5 dB [12],  After subtracting the propagation loss of
-0.2 dB/cm, the bending loss alone, for the ring of length £) + £ = 31.4 mm, is -3.872 dB.
The bending loss dominates the other ring waveguide loss.

The large bending loss may result from scattering at the relatively rough curved waveguide
boundary due to imperfect fabrication. This technological difficulty is yet to be overcome. Thus,
the demonstration of such waveguide-based ring device requires extra support. Recent
experiments under such high-loss conditions have been performed at the University of Florida [12]
under the sponsorship of Harris Corporation. The ring resonator used in the experiments is
depicted in Figure 2-6. It consists of only a single input coupler with a measured 25% coupling
efficiency. The coupler length is 2 mm with a 5.5 mm coupler gap. The channel waveguide
width is 4.5 mm and the wavelength used for the measurement is 1.3 um. The device is
fabricated under proton exchange at 220°C and is partially annealed under 360°C for 2 hr. Their
final device has a device length of about 18 mm. The measured finesse is about 8.
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Table 8

Table 9

Waveguide-Based Ring Resonator with 2% Couplings and -0.2 dB/cm Propagation Loss

Ring Resonator Calculation Results

input Coupler Efficiency = .02000

Input Coupler Loss = .01000

Tap Coupler Efficiency = .02000

Tap Coupler Loss = .01000

Input To Tap Coupler Distance = 0.00000 mm
Tap To Input Coupler Distance = 0.00000 mm
Laser Wavelength = 632.80000 nm
Ring Propagation Loss = -20000.000 dBA&m
Refractive Index Of The Ring = 2.20/00

Total Transmission = .04320 %
Finesse = 41.16167
Maximum Transmission = 6.93674 %
Minimum Transmission = 01009 %
Free Spectral Range = 6810.370214 MHz
Frequency Bandwidth (FWHM) = 165.454190 MHz
Free Wavelength Range = .0090968 nm
Wavelength Bandwidth (FWHM) = .0002210 nm

Waveguide-Based Ring Resonator with 10% Ccuplings and -0.2 dB/cm Propagation Loss

Ring Resonator Calculation Results

Input Coupler Efficiency = .10000

Input Coupler Loss = .01000

Tap Coupler Efficiency = .10000

Tap Coupler Loss = .01000

Input To Tap Coupler Distance = 10.00000 mm
Tap To input Coupler Distance = 10.00000 mm
Laser Wavelength = 632.80000 nm
Ring Propagation Loss = -20000.000 dB/Kkm
Refractive index Of The Ring = 2.20100

Total Transmission = 115110 %
Finesse = 19.43598
Maximum Transmission = 4210229 %
Minimum Transmission = 27322 %
Free Spectral Range = 6810.370214 MHz
Frequency Bandwidth (FWHM) = 350.400194 MHz
Free Wavelength Range = .0090968 nm
Wavelength Bandwidth (FWHM) = .0004680 nm
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Clearly, the high loss and low finesse of the experimental results for the waveguide ring are not
encouraging. We may repeat a similar experiment in Phase I with more care in hopes of achieving
a better result. However, the chance of success is minimal because, in our device structure, an
output coupler must be added, which will increase the total ring loss and further reduce the device
finesse. Therefore, this waveguide-based ring for the N x N crossbar was too risky and
unrealistic for the scope of Phase 1. Since the major effort in Phase 1 has been to demonstrate the
feasibility of the ring resonators based crossbar, a better approach, utilizing maturely developed
fiber-based ring resonators, was proposed and approved by the program monitor. This approach
can in fact reduce the ime required to commercialize the proposed N x N crossbar switch design.

1.8cm

LiNbOy

Figure 2-7
Waveguide-based ring resonator developed at the University of Florida.

The original motivation for using a waveguide-based ring resonator for the N x N crossbar was to
take advantage of the high-speed tuning potential of integrated electro-optic devices. We can still
achieve the high-speed tuning performance without using a waveguide-based ring if we consider a
modified device structure, as shown in Figure 2-8, which is similar to the device shown in
Figure 1-1 but with electro-optic phase modulators instead of the piezoelectric tuners. A high-
performance fiber optic ring resonator is used. Tuning is achieved by using a fiber pigtailed
single-mode waveguide phase modulator. The total ring loss in this case will be dominated by the
fiber/waveguide pigtailing loss since the fiber by itself is extremely low loss. Fiber pigtailed
single-mode waveguide phase modulators are now commercially available from Crystal
Technology, Inc. and from United Technologies Photonics. The phase modulator can operate at a
speed of a few GHz. The commercial fiber-waveguide-fiber pigtailing loss is on the order of -3 to
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-4 dB. Reducing pigtailing loss is in fact an engineering issue. Low loss pigtailing of nearly
-1 dB has already been demonstrated at Litton Guidance and Control Systems. Thcrefore, we
considered a modified approach using a fiber-based ring and waveguide modulator the more
realistic near-term approach. To do so, in Phase I, we demonstrated:

1. a fiber-based ring resonator with piezoelectric tuning capability. This
demonstration will show the feasibility of the novel N x N crossbar switch to

operate at low speed,

2. fiber/waveguide pigtailing at POC facilines.

Single Mode
Optical Fiber
A 1 P A 3
> Fiber Ring >
Resonator
X &
Directional
Coupling
2 <
Waveguide
Phase Modulator
Single Mode
¢ Waveguide /
[ ]

Phase Modulator

DC Bias and

Temperature
Compensation Reconfiguration
Bias Electrode
Figure 2-8

Modified N x N crossbar switch structure using pigtailed waveguide electro-optic phase modulators.
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There are two types of fiber-based ring resonators: direct coupled and cross coupled. The
difference between the two types is in the fiber wiring mechanism, as described in Section 2.2. In
a direct coupled fiber-based ring resonator, there must be a splice in the ring since the fiber does
not originally come with a ring. The splice loss will degrade the performance of the ring
resonance. Therefore, the best choice for the fiber-based ring resonator is the cross coupled

structure where there is no splice in the ring,

The transmission response of the cross coupled ring resonator differs from the direct coupled ring
resonator by only a phase or bias difference. However, to produce the same transmission peak at
the same output (tap) coupler efficiency and loss, the input coupling efficiencies must be
complementary to each other. In other words, if the input coupler efficiency is 3% for a direct
coupled ring, to produce the same transmission response except for phase or bias, the input
coupler efficiency for the cross coupled ring device must be 97%. Figures 2-9 and 2-10 show the
comparison of the two resonator responses. The computation parameters are summarized in
Tables 2 and 10, respectively. The phase or bias difference can be easily compensated through the

piezoelectric driven circuit.
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Figure 2-9
Transmission response of a direct coupled ring resonator. The device parameters and calculation results
are summarized in Table 1. In the plot, the frequency deviation is calculated with respect to the center
laser frequency f = ¢/A = 4.7376 x 1074 Hz.
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Figure 2-10
Transmission response of a cross coupled ring resonator with schematic depicted in Figure 2-4. The
device parameters and calculation results are summarized in Table 10. In the plot, the frequency deviation
is calculated with respect to the center laser frequency
f=c/A=47376x 1014 Hz
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Table 10  Calculation Parameters and Results for Figure 2-10

C-Ring Resonator Calculation Results

input Coupler Efficiency = 97000

Input Coupler Loss = 01000

Tap Coupler Efficiency = .03000

Tap Coupler Loss = .01000

input To Tap Coupler Distance = 100.00000 mm

Tap To Input Coupler Distance = 100.00000 mm

Laser Wavelength = 632.80000 nm

Ring Propagation Loss = -.200 dB/km

Refractive Index Of The Ring = 1.45670

Total Transmission = 02336 %

Finesse = 77.53779

Maximum Transmission = 55.95426 %

Minimum Transmission = 02295 %

Free Spectral Range = 1029.012483 MHz

Frequency Bandwidth (FWHM) = 13.271109 MHz

Free Wavelength Range = .0013745 nm

Wavelength Bandwidth (FWHM) = 0000177 nm
2.6 Laser Linewidth Effect — An Important System Issue

The calculated wavelength selectivity bandwidth, AA, or frequency selectivity bandwidth, Af, is
based on the ideal single frequency light source. However, commercially-available light sources
have finite laser linewidths. When the laser linewidth, AAL, or Afi is much narrower than the AA
or Af, the laser linewidth effect is considered negligible. When the laser linewidth is comparable to
or even larger than the FWHM selectivity bandwidth, a broadening to the transmission response
peak or dip will be observed. This transmission broadening effect will significantly affect the
selectivity bandwidth and the finesse of the ring resonator. It will also reduce the system
throughput efficiency. Ultimately, it will affect the number of crossbar channels that the ring
resonator based device can support.

For example, given the fiber-based ring resonator shown in Table 2. The frequency bandwidth is
13.27 MHz while the free spectral range is 1029.01 MHz. The finesse is 77.53. Assuming a
50 MHz linewidth laser is used, the resulting frequency bandwidth is nearly
13.27 MHz + 50 MHz = 63.27 MHz. Therefore, based on definition, the finesse of the ring
resonator under such laser source is
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F =1029.01 MHz/63.27 MHz = 16.26

The finesse drops from 77.53 to 16.26. The effect of laser linewidth is significant. Fortunately,
commercially available laser diodes such as DFB lasers and gas lasers like HeNe lasers have very
small laser linewidths. For example, a typical HeNe laser linewidth is on the order of 1 MHz.
When it is used in the above device, the frequency bandwidth is
13.27 MHz + 1 MHz = 14.27 MHz. In this case, the system finesse is given by

F =1029.01 MHz/14.27 MHz = 72.11

The ring resonator finesse decreases slightly from 77.53 to 72.11. Obviously, a narrow linewidth
laser is required in the ring-resonator crossbar system. Future optical communication and
computing may utilize the narrow linewidth DFB lasers (linewidth ~ 10 MHz, manufactured by
Ortel Corporation, for example). When using these DFB lasers of 10 MHz linewidth, which is
larger than the HeNe laser linewidth, it may be necessary to use a smaller ring size, such as
20 to 100 mm, so the finesse reduction can be small. Since these lasers already exist
commercially, the fiber- or waveguide-based ring resonator based crossbar switch is suitable in the
communication and computing systems.

3.0 DEVICE FABRICATION AND PERFORMANCE

3.1 Demonstration of Fiber-Based Ring Resonator Switch for
Wavelength Selective Coupling and Crossbar

3.1.1 Fabrication of the Fiber-Based Ring Resonator

Since the primary goal of Phase I was to demonstrate the feasibility of the proposed ring resonator
crossbar concept, we took advantage of the existing fabrication facilities of Canadian
Instrumentation and Research Ltd. They fabricated our fiber-based ring resonator based on the
design considerations and specifications described in the previous section.

The fabricated fiber-based ring resonator is shown in Figure 3-1. Its schematic is depicted in
Figure 3-2. The resonator consists of a polarization-maintaining single-mode optical fiber, an
input resonator coupler (RES), an output tap coupler (TAP), and a piezoelectric tuner. The
resonator is based on the cross coupled ring resonator principle described in Section 2.2. The
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input signal from port A is resonant coupled into the ring through a maximum coupling condition at
RES. This maximum coupling allows a maximum ring finesse. The tap coupler was set at a
relatively low coupling efficiency. The ring resonator has a ring size of approximately 23 cm and
the tuning length of the piezoelectric tuner is about 3.8 cm. Both the couplers are designed and
fabricated based on the fiber directional coupler principle.

Figure 3-1
Our Phase | fiber-based ring resonator.

RES =
B/

Figure 3-2
Schematic of the fiber-based ring resonator shown in Figure 3-1.
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To make a fiber directional coupler, both fibers are polished into a D-shape as shown in
Figure 3-3. A micrometer on the coupler was used to shift the relative transverse position of the
two polished fibers (Figure 3-4). When two fibers are in adjacent positions with a minimum gap
between the fiber cores, as shown in Figure 3-3, a maximum coupling is achieved by sending an
optical signal from one fiber to the other through the evanescent coupling effect. Index matching
oil is used in the gap of two fibers to prevent optical index discontinuity. When the two fibers are
offset transversely by a reasonable amount of distance, there is no coupling between them (see
Figure 3-3). Further offset of the two fiber positions will result in coupling loss through substrate
radiation. Fine adjustment of the coupling condition is achieved through the lever system shown in
Figure 3-4.

\ N/

NO COUPLING COUPLING

(o]
[¢]
7 U
COUPLING

LOSS TO SUBSTRATE

Figure 3-3
The concept of fiber directional coupler.
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Figure 3-4
Schematic of the directional coupler package design.

To provide a tuning signal to drive the ring resonator, an electronic driving circuit was designed
and fabricated. Figure 3-5 shows the drive circuit. Under a bias of £12 V for circuits and
a+ 100V for signal output, we were able to obtain a ramp voltage of nearly 100 V. This ramp
voltage was used to monitor the finesse performance of the ring resonator. A detailed description
of the ring performance is given in following related sections.
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Figure 3-5
Picture of the piezoelectric driving circuit which provided a ramp driving signal.

3.1.2 Input Coupling and System Setup

To test the fiber-based ring resonator performance, two HeNe lasers were used. HeNe laser
wavelengths were chosen because of their narrow linewidths, about 1 MHz. This choice satisfied
the laser linewidth requirement discussed in Section 2.6. Figures 3-6 and 3-7 show the schematic
and picture of the testing setup, respectively. A HeNe laser beam of 632.8 nm and a HeNe laser
beam of 611.9 nm are both incident into the input fiber port A with the use of a beam combiner
and microscope objective. Precise optical alignment is required t~ couple the free space laser
beams into the single-mode optical fiber. Furthermore, laser beam polarization must be controlled
to match the polarization requirement of the polarization-maintaining (PM) fiber. The introduction
of the other polarization effects will cause unnecessary resonator noise. This effect will be
discussed later.
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Figure 3-6
Schematic of the ring resonator testing setup.

Figure 3-7
Picture of the fiber ring resonator testing setup.
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3.1.3 Coupler Adjustment and Ring Resonance

When both couplers are in off coupling conditions, a bright throughput light is observed from the
resonator output port B. Because of the nonresonance to the cross coupled resonator, the
resonator acts like a single fiber connecting from port A to port B. When the RES coupler is adjust
to the coupling condition, the resonance condition may be achieved for a specific laser wavelength
under a fixed ring loop length or for a proper ring loop length under a fixed laser wavelength. To
observe the resonant ring behavior, the ramp driving signal is introduced, which allows a
continuous piezoelectric adjustment of the ring loop length (actually adjusting the optical path
length).

Figure 3-8 shows the ring resonator throughput behavior at port B under a ramp piezoelectric
driving control. The tap coupler is set off and one HeNe laser of 632.8 nm wavelength is turned
on for this test. Under a proper voltage setting there is a significant energy loss on port B (a dip in
the lower trace on Figure 3-8). When the resonant condition is reached, significant energy is
coupled into the ring, continuously propagating in the ring (with little coupled back to port B).
Loss in the ring is due to scattering and absorption. The repeat dip patterns correspond to the input
laser wavelengths. The HeNe laser has multiple lasing lines. The four non-identical dips are
caused by the corresponding laser lines. Therefore, measurements of actual ring behavior for a
particular laser line must consider the repeated dip pattern.
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Figure 3-8
Performance of the ring resonance detected from pont B
and seen on an oscilloscope under a ramp drive voltage bias.

Figure 3-9 shows a similar resonator response. but this time the adjustment is achieved through the
input optical polarizer. Additional small dips observed are believed to be caused by the incorrect
input polarization couplings since both TE and TM modes now exist in the ring resonator. This

effect is obviously important and can be used to monitor the input polarization coupling status.
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Figure 3-9
Performance of the ring resonator with incorrect polarization input.

3.1.4 Finesse and Selectivity

The sharp output resonator response under a ramp voltage bias shown above can be used to
determine the resonator finesse. Since the finesse is defined as the free spectral range divided by
the selectivity bandwidth, under a linear ramp voltage bias it is equivalent to the value determined
from dividing the time spacing between two repeated dips by the bandwidth of the dip. Therefore,
from Figure 3-8, we determined that the finesse of the ring resonator under zero tap coupling is
19. This value was measured to be about 40 before the device damage nccurred during the
optimization tuning. This value can in fact be as large as over 100, as tested at Canadian
Instrument and Research, Ltd. before shipping. Based on the theory and other reported
results [91, optimizing the device design and fabrication can provide a device finesse of over 1000
with no tap coupling.

The selectivity of the ring resonator is the bandwidth of the dip in a frequency scale. Therefore. it
can not be found from the oscilloscope response. However, since the full ring size is known, the
device FSR can be calculated with Eq. (17). For example, with the ring loop length of 23 cm and
a fiber core index of about 1.46, the FSR of the ring is 892.77 MHz. Therefore, the selectivity of
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the ring resonator, Af, is 46.99 MHz (calculated by dividing the FSR by the measured finesse
value). The calculated finesse can be as large as 155 under 97% input coupling and 1% coupler
loss, with no tap coupling. The lower finesse in the present device is believed to be caused by an
increase damage-induced coupler loss. When we simulated the experimental results, we found that
the experimental results could match the theoretical ones under 85% input coupling, 5% input
coupler loss, 0% tap coupling, and 10% tap coupling loss. This is very likely to occur since high
coupler losses after damage is observable.

The above results are based on the optimized coupling at the RES coupler with the tap coupler set
at zero. When the tap coupler is tuned on, which is necessary for the resonator to be used in the
crossbar structure, the finesse and selectivity are expected to be reduced, as expected due to the
increased ring loss from the tap coupler. Figure 3-10 shows the ring resonator response to ramp
voltage bias as detected from port Y. The transmission response is similar to the two-mirror
Fabry-Perot resonator and is as predicted in Figure 2-5. Similar calculation determined that the
ring resonator finesse is 6, much lower than the measured value of 19, found earlier. The new
frequency selectivity is 148.8 MHz. The laser linewidth has little effect to the new selectivity
determination since the linewidth is about 1 MHz, much smaller than the previously determined
selectivity bandwidth value. Again, these results were not optimized. Based on the results, as
shown in Table 11 for the cross coupled ring resonator, optimizing the device fabrication by
reducing the coupler loss can improve the device finesse and selectivity to 77.5 and 11.5 MHz,
respectively. And, optimizing fabrication is possible with present technology.
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Figure 3-10 »
Ring resonator response as measured from port Y under a ramp voltage bias.

Table 11 Calculated Cross Coupled Ring Resonator Performance under 7% Input

C-Ring Resonator Calculation Results

input Coupler Efficiency = .97000

Input Coupler Loss = .01000

Tap Coupler Efficiency = .03000

Tap Coupler Loss = .01000

Input To Tap Coupler Distance = 80.00000 mm
Tap To Input Coupler Distance = 150.00000 mm
Laser Wavelength = 632.80C00 nm
Ring Propagation Loss = -.200 dB/km
Refractive Index Of The Ring = 1.46000

Total Transmission = .02656 %
Finesse = 77.53647
Maximum Transmission = 5505244 9%
Minimum Transmission = 02285 %
Free Spectral Range = 892.770985 MH:z
Frequency Bandwidth (FWHM) = 11.514207 MHz
Free Wavelength Range = .0011925 nm
Wavelength Bandwidth (FWHM) = .0000154 nm
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3.1.5 Demonstration of Wavelength Selective Coupling

To demonstrate the wavelength selective coupling and switching effect, both HeNe lasers of
632.8 nm and 611.9 nm wavelengths were turned on. However, direct observation of the
performance on oscilloscope was difficult since the 611.9 nm laser light is very weak. Only a
small dip and peak are added to the response curves measured at port B and port Y, respectively.
Figures 3-11 shows small dips observed at port B when 632.8 nm laser light was blocked. The
dip location with respect to the ramp drive voltage can be compared to that of Figure 3-8. There
are different dip locations for the 632.8 and 611.9 nm laser lines. Visual observation of the color
change at port Y, under slow triangular swiping bias of about 1 Hz frequency, is much easier.
DC bias at a proper voltage can fix the output Y at a narticular wavelength but suppress the other
wavelength output. This method was used to measured the throughput of the system and the
signal crosstalk.

Figure 3-11
Transmission dips observed from port B for 611.9 nm laser line.
The location of dips are different than that of Figure 3-8 for 632.8 nm laser line.
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3.1.6 Device Throughput and Crosstalk

To measure the device throughput, we first measured the input power to the fiber by monitoring
the transmission power at port B when both RES and TAP couplers were set at zero coupling.
Assuming the fiber propagation is negligible in the total 2 m propagation distance, which is in fact
true based on -0.2 dB/km loss, we obtain the input power of 45 uW. When both couplers are set
at the above resonance condition, we measured the maximum optical power at port Y to be
~16.2 uW under a optimum DC bias. Therefore, the system throughput for the present device
and under the present coupling condition and bias setting is 16.2 uW/45 pW(100%): 36%.
Optimizing the device can achieve a 56% throughput (see Table 11). The throughput efficiency can
be increased to over 81% when input coupler efficiency drops to 90% and the tap coupler
efficiency increases to 9%.

The crosstalk of the system is defined as the ratio of energy detected at the other wavelength's
optimum bias to its own maximum transmission. For example, at the 632.8 nm laser wavelength,
we measured the maximum optical power at port Y to be W1 under a optimum bias of V1. At
611.9 nm wavelength input we found that its maximum transmission at port Y occurred at bias
V2. Therefore, if we detect an optical power of W2 at V2 for 632.8 nm wavelength, we can
determine the system crosstalk to be

Crosstalk = -10 x Log(W2/W1) (35)

Based on this measurement principle, we found that the crosstalk of the present device is about
-8 dB. Again, optimizing the device performance can result in less than -33.86 dB crosstalk
based on the maximum and minimum transmissions shown in Table 11.

The crosstalk of the crossbar switch is independent of the crossbar size N. This aspect is an
important advantage of our novel crossbar design.

3.1.7 Applicability to Fiber Ring Crossbar Structure

In principle, the fiber-based ring wavelength selective switch can be used for the demonstration of
the fiber-based ring crossbar switch shown in Figure 1-1. Since each ring is to be biased and to
operate on a specific wavelength, wavelength division multiplexing can be achieved from the input
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set of ring switches. The multiplexed multi-wavelength beams can be demultiplexed at the output
set of switches due to selective coupling from the trunk fiber to the output fibers. Thus, functional
behavior of the crossbar is based on the known ring performance. The fabrication of such ring
crossbar device is straightforward and is based on current fiber-based ring fabrication technology.

However, the present piezoelectric driving of the ring switch tuning has speed limitations.
Typically, the piezoelectric driving device is limited to a few MHz. When this speed is acceptable
for some applications, the piezoelectric-driven ring crossbar shown in Figure 1-1 can be easily
commercialized. However, when the tuning speed is expected to be faster than several tens or
several hundreds of MHz, an electro-optic tuning mechanism must be adopted. One approach for
implementing electro-optic tuning is the use of waveguide-based ring technology. This approach,
as discussed before, is high risk since the ring waveguide must be precisely designed and
fabricated to lower its curvature or bending loss. Low-loss silica-on-silicon ring waveguides have
been demonstrated with a finesse of more than 182. The thermal optic tuning speed on such
waveguides is about 0.8 msec. The performance of low-loss ring waveguides on an electro-optic
substrate such as LiNbO3 has not yet been comparable with the silica-on-silicon technology.
Because they are compact and can be easily fabricated in batches, electro-optic tunable
waveguide-based ring crossbars should be considered for research and development. The present
choice for demonstrating high-speed ring crossbar tuning for near-term commercialization
purposes is the fiber-based ring resonator in conjunction with a fiber pigtailed low-loss waveguide
phase modulator, illustrated in Figure 2-8. Enhanced pigtailing techniques, in conjunction with
the above fiber-based ring switch, will be considered in Phase Il to create a 4 x 4 working
crossbar device. Another choice for Phase Il development is to utilize silica-on-silicon waveguide
technology, with the recently reported electro-optic effect, on a silicon substrate for tuning. The
Phase II research direction will be discussed in the Phase II proposal.

3.2 Demonstration of Fiber/Waveguide Pigtailing for Channel Waveguide
Phase Modulator

3.2.1 Fabrication of Channel Waveguide on X-cut LiNbO3 Substrates

Since a polarization-maintaining fiber will be used in the construction of the fiber-based ring
resonator switch, a highly polarization-selective waveguide phase modulator is preferred. We
selected a proton exchange technique on X-cut LiNbO3 substrate to achieve a waveguide that can
support only a single TE mode. Proton exchange in LiNbO3 involves the replacement of lithium
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with hydrogen. It takes place when the substrate is immersed in a proton source, i.e., an acid or a
dydrate melt at an appropriate temperature. Among the many media that can be hydrogen sources
for proton exchange, benzoic acid is the most common because of its high boiling point (249°C),
stability throughout its liquid phase, low toxicity, and low cost. A high boiling point enables
proton exchange to occur at high temperature, which makes diffusion faster and improves the
stability of the exchanged compound, which in turn makes the exchange results, or waveguide
parameters, more consistent.

Through the proton exchange in benzoic acid, the extraordinary index, ne, is increased by
approximately 0.12 [13), and the ordinary index, no, is decreased by approximately 0.05 [14] at an
optical wavelength of 632.8 nm. Because of the large change in the extraordinary index, a much
smaller channel depth to channel width ratio is required in a waveguide channel that supports only
single-mode propagation. For example, for a 4 pm width single-mode channel, the depth is only
about 0.26 pum, as calculated using Marcatilli's method [13). In these circumstances, the non-
uniform side-wave diffusion during proton exchange can be neglected, and thus a channel of
rectangular shape can be expected. The masking material affecting the proton exchange [16] can
also be neglected, due to the much larger channel width compared to the channel depth. In our
experiment, we chose an X-cut LiNbO3 substrate because of its much lower susceptibility to
surface damage (during proton exchange) than that of Y-cut LiNbQO3 [17). A high polarization
extinction ratio, of 60 dB, can be expected from the proton exchanged waveguide (18],

In order to effectively utilize the large index change in ne for waveguide formation, we chose X-cut
LiNbO3 with a channel waveguide orientation along the y-direction. The waveguide fabrication
processes are illustrated in Figure 3-13. To prevent thermal shock, cleaned substrates that had a
Cr/Al lift-off mask with openings for the channel regions for proton exchange were pre-heated up
to the exchange temperature. The sample was then slowly immersed in molten benzoic acid, which
included 1 Mol% of lithium benzoate. Lithium benzoate reduced the exchange speed, enabling
better control of exchange depth and reduction of waveguide propagation loss by reducing the
generation of stress-induced voids in the fast exchange process. Using this fabrication process we
successfully fabricated a single-mode channel waveguide.

40




Final 0583.3188 EO-RING
F49620-92-C-0076

X-Cut LiNbO3

/ Photoresist

X-Cut LiNbO3

UV light

T Weveguice wask

Photoresist

X-Cut LiNbO3

Photoresist

X-Cut LiNbO3

Al

Photoresist

X-Cut LiNbO3

X-Cut LiNbO3

X-Cut LiNbO3

/ Channel Waveguide

X-Cut LiNbO3

Figure 3-13

Crystal Growth at
Crystal Technology, Inc.

Photoresist Coating

Contact Channel Waveguide
Mask With The Sample of
Correct Sample Orientation
UV Exposure

Photoresist Developing

Aluminum Coating using
Thermal Evaporation

Lift-Off Process to
Open Exchange Window

Proton Exchange

Resulting Channel Waveguides
After Removing the Al Layer

Process for channel waveguide fabrication on an X-cut LiNbO3 substrate.
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3.2.2 Device End-Face Polishing

To facilitate the device edge coupling and fiber pigtailing, necessary for the integration of the
fiber-based ring resonator with the waveguide phase modulator and to provide high speed tuning,
the channel waveguide phase modulator's end faces must be polished to optical quality. We
performed this device end face cutting and polishing. The polished devices were tested with a
HeNe laser at a wavelength of 632.8 nm. The incident laser beam was first focused by a
20x microscope objective. The focused beam at its beam waist is incident on one end of a
polished channel waveguide. A sizable portion of the laser energy was thus coupled into the
channel waveguide and exited at the other end of the device, where another microscope objective
placed near the device end functioned as an imaging lens (see Figure 3-14). The near-field image
of the output device was found on a screen. Figure 3-15 shows a photograph of this near-field
image. A bright spot located at the center of the picture designates the channel throughput light; the
upper and lower background light is the uncoupled portion of the incident beam in air and
substrate, respectively. These background lights can help determine if the proper coupling is
achieved. The bright spot can help determine if proper end face polishing is achieved. In addition.
by observing the near-field and far-field radiation pattern of the channel waveguide mode, we can
determine whether the device is single-mode or multi-mode device. Single-mode devices are
required in the phase modulator to allow precise control of the ring resonator performance. After
good device end-face is obtained, the device is ready for further processes including electrode
deposition and fiber/waveguide pigtailing.
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Figure 3-14
Schematic of end-fire coupling for channel waveguide testing.

Figure 3-15
Near-field image of the channel waveguide throughput.
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3.2.3 Electrode Deposition

Figure 3-16 shows the cross-sectional view of the electrode pattern we desired to provide the

required E; tuning field.
Cr/Al Electrode
Channel Waveguide Waveguide Substrate

Figure 3-16
Cross-sectional view of the electrodes on channel waveguides.

Typically, the electrodes used in conventional electro-optic modulators are made of Cr/Al or Pt/Au
realized by thermal evaporation or sputtering. In this experiment, Cr/Al electrodes were chosen
due to the ease of thermal evaporation and their low cost. The fabrication process for the
Cr/Al electrodes on LiNbO3 substrate is illustrated in Figure 3-17. The experimental procedures
involve sample surface cleaning in a cleanroom environment, photoresist spin coating, a baking
treatment, contact printing of the electrode pattern from the mask onto the channel waveguide

sample with alignment of sub-micron accuracy, photoresist developing, Cr/Al metal deposition,
and lift-off processing.
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Figure 3-17

Fabrication process for electrode pattern deposition on a channel waveguide sample.
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3.2.4 Phase Modulator Prototype

Following the waveguide and electrode fabrication, the sample was mounted on a piece of glass
substrate for easier handling. The substrate could be any material that can hold the optical fiber-
based ring resonator. Bonding wire connects the modulation electrode to the driving circuit. The
performance of our packaged phase modulator prototype can then be tested by observing beam
interference effects with a reference beam. During earlier research, sponsored by SDIO,
successful phase modulation had been observed through a Fabry-Perot cavity [191. Therefore,
successful phase modulation is anticipated even though the modulation test was not performed on
our current device due to limited Phase 1 time. Device parameters are summarized in Table 12.

Table 12 Device Parameters for the Waveguide Phase Moduiator Prototype.

Electro-optic Substrate X-cut LiNbO3

Waveguide Fabrication Proton Exchange

Exchange Solution Benzoic Acid with 1 Mol% Lithium
Benzoate

Exchange Temperature 200°C

Channel Waveguide Mode TE

Channel Waveguide Orientation Y-Axis

Channe! Waveguide Width ~5pum

Electrode Material Cr/Al

Electrode Gap 8um

Electrode Width 5.5 mm

Electrode Length 2.8 mm

Capacitance ~4 pF

Waveguide Propagation Loss <-0.4 dB/cm

Device Length 6 mm

Device End-Face Polishing Yes

Device End-Face Coating None

Anticipated Modulation Bandwidth ~1.6 GHz
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For the current device, DC bias electrode was not incorporated. An old electrode mask was used
for the fabrication demonstration due to limited Phase I budget In the crossbar system, both DC
and RF bias electrode patterns will be incorporated within the same phase modulator. DC bias can
be used for initial bias and for temperature compensation, along with a temperature compensation
circuit. RF bias can be used to provide actual wavelength selective tuning of the ring resonator.

3.2.5 Demonstration of Fiber/Waveguide Pigtailing for the Phase
Modulator

A waveguide electro-optic phase modulator is a high-speed device with reported modulation speed
exceeding several tens GHz. By pigtailing the waveguide phase modulator into the fiber ring, a
high-speed ring resonator switch can be realized. Figure 2-8 shows the pigtailed waveguide phase
modulators in the ring crossbar switch structure. Since the resonator is sensitive 1o the total ring
loss, low-loss pigtailing from fiber to waveguide to fiber is essential for the high-performance ring
switch and crossbar.

Demonstrating fiber/waveguide pigtailing is an important goal of Phase I. This demonstration
shows that the implementation of the waveguide phase modulator with fiber-based ring resonator is
feasible for a crossbar demonstration.

To fiber pigtail the single-mode waveguide, a glass waveguide holder was fabricated first.
Single-mode glass fibers with core diameter of 5 um and clading diameter of 125 pm were used
for pigtailing. Fiber ends were cleaved and inserted into capillary tubes for polishing. Then, the
fibers, the waveguide holder, and the single-mode waveguide were mounted on a precision optical
alignment stage. The pigtailing setup is shown in Figure 3-18. HeNe laser light with a 632.8 nm
wavelength was fed into the fiber for optical alignment. With proper alignment of sub-micron
alignment accuracy, optimum optical coupling was achieved. UV epoxy was then used to hold the
fibers, the waveguide, and the holder together to maintain the optimum input/output optical
coupling condition. The final pigtailed device is shown in Figure 3-19.
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Figure 3-18
Fiber/waveguide pigtaiing setup using high precision optical alignment stages.

Wy

Figure 3-19
Picture of a fiber pigtailed waveguide phase modulator.
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To evaluate the fiber pigtail device, the HeNe laser beam was again fed into the input fiber. The
optical power from the output fiber was measured. The fiber-to-fiber insertion loss was measured
by comparing the input and output optical powers. For the present device the insertion loss was
determined to be nearly -11 dB. Partial loss is due to the polarization mismatch between fiber and
waveguide. A regular fiber of circular cross section (not a polarization-maintaining fiber) was used
and -3 dB loss resulted from 50% coupling loss due to a polarization mismatch to the TE mode
only waveguide. Therefore, the effective pigtailing loss for a TE polarized beam is -8 dB. This
loss is considered large compared to the commercial-repeatable pigtailing loss of -3 to -4 dB.
However, as the first fiber pigtailed waveguide device created at POC, the result is considered
satiscactory.

Possible causes and solutions for the high pigtailing loss are shown in Table 12 .

Table 12  Cause of Pigtailing Loss and Optimization Solution

CAUSE SOLUTION

There is a mode profile mismatch between fiber Optimization of the waveguide mode to better
and waveguide mode. The fiber core diameter match with fiber mode can be performed by

is 5 um while the waveguide dimension is thermal annealing process.

about 4 um by 0.3 um.

The polarization mismatch problem can be
There is polarization mismatch. solved by using the desired polarization
maintaining fiber with polarization alignment to
TE mode only wave-guide.

The fiber and waveguide orientation may have

slight angular misalignment mostly caused by Handling with extreme care should avoid the

the slightly tited waveguide endface polishing problem.

with respect to channel waveguide orientation.

The UV epoxy curing may result in some strain Low stress and low shrinkage cement from
that shift slightly the fiber position and affect the EASTMAN Laboratory is a potential candidate
optimum fiber/waveguide alignment. to replace the UV epoxy.

These engineering solutions for optimizing the fiber/waveguide pigtailing can be addressed in a
relatively straightforward manner, but not within the time frame of the Phase I. We will optimize
the pigtailing process in Phase II if such a device structure is used so as to reduce the
fiber/waveguide pigtailing loss to about -1 dB with polarization-maintaining fiber.
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3.3

Advantages of the Ring Resonator Based Crossbar Switch Structure

The major advantages of the crossbar switch structure are:

10.

11.

12.

13.

New wavelength-based crossbar principle.
The signal crosstalk level can be lower than -30 dB and the crosstalk is independent of N.

Our N x N crossbar uses only 2N switching elements, compared to N2 switching elements
in conventional crossbars.

Lower power consumption because of fewer switches.

Easy switching pattern reconfiguration due to simple switching pattern. The change of one
pathway may not affect other pathways.

High-speed switch reconfiguration (> GHz) when waveguide phase modulators are used.
One-to-many fanout capability without using additional fanout circuits.

High switching contrast ratio (over 1000:1).

Mature fiber pigtailing technology for fiber-based ring and waveguide modulator integration.

Thermal expansion and contraction and other environmental effects can be compensated by
electronic feedback switching bias.

The number crossbar switching array elements can be ten times the present crossbar
technology, depending on the finesse of the ring resonator.

The crossbar device can be readily used as an active wavelength division multiplexer and
demultiplexer.

The new crossbar structure is anticipated to reduce electromagnetic cross-coupling due to
reducing switch number N2 to 2N for N x N crossbar.
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14. The fiber-based crosshar when developed can readily be implemented in fiber
communication and switching networks. Therefore, its near-term commercialization is
possible.

15. Monolithic integratability with other integrated optical and electronic components when
waveguide ring device is used.

16. The waveguide-based ring crossbar device can be rugged packaged for high g environment.

4.0 POTENTIAL APPLICATIONS

The new crossbar switch design with 2N switches, rather than N2 switches, for an N x N
crossbar with potential ten times larger switching array than in the conventional approach, can
satisfy the requirements for reconfigurable large-scale data switching and optical computing. The
crossbar switch when developed in Phase II can readily be used as an active wavelength division
multiplexer (see Figure 4-1) and demultiplexer (a reverse arrangement of Figure 4-1). The
wavelength separation between WDM channels does not have to be limited within a free spectral
range or free wavelength range. Owing to the resonance effect that can occur on different mode
numbers, the wavelength separation can range from 10-4 A to over 10 nm depending on
application. However, in choosing wavelength sets, the overlap of their transmission under the
same bias voltage or choosing a set of (m,A) to satisfy the Eq. (34) at the same bias or An, must be
avoided.
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Figure 4-1
The crossbar switch can be used as active WDM device.

The fiber-based ring crossbar switch can be used in fiber communication networks without
additional constrains. It can also be used in free-space opticai computing systems, for example,
those that employ spatial light modulators. The waveguide-based ring crossbar switch, when
developed, can be very compact and can be monolithically integrated with other optical and
electronic microcircuit components to form a compact optical computing and data processing chip.
It can also be fiber pigtailed for use in fiber optic communication applications. The proposed
crossbar concept with its high reconfiguration rate is attractive and in some cases can replace other
crossbars in the commercial market.

In addition to the above WDM and data switching applications, the developed crossbar can be used
for active wavelength filters, multi-level 1 to M switching (see Figure 4-2), phased array antenna
applications with multi-level switching, environmental sensing using an array of different ring
sizes, multi-level logic (Figure 4-3), and signal quantizaiion in the wavelength domain
(Figure 4-4).
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Multti-level switching (1 to M).
Directional
Coupling A
A
> —

N,

Figure 4-3

N

Mutti-Level logic. When the tuning bias electrodes, 44, £2, L3,..., are slightly different in value,
an analog vottage V can be converted to a specific output channel throughput. For example, at V3,
output channel 3 is on and all other channels are off. Such a conversion performs the signal
quantization function.
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Signal quantization in the wavelength domain.

5.0 CONCLUSIONS

Physical Optics Corporation proposed a novel device structure for an optical crossbar based on a
multi-wavelength ring resonator tuning/switching concept. In the Phase I program, we designed,
analyzed, and demonstrated a basic ring resonator tuning/switching element to prove the feasibility
of the crossbar concept. First, the working principle for the ring resonator switch was analyzed,
theoretically. Then, design issues were addressed. Two approaches for the ring resonator tuning
were identified: fiber-based ring resonator and waveguide-based ring resonator. The
waveguide-based approach has the advantage of compact packaging and a low-cost batch
fabrication potential. However, the present fabrication technology limits the ease of demonstrating
a low-loss waveguide-based ring with a small bending radius on an electro-optic substrate. The
fiber-based approach has the advantage of near-term commercialization based on a maturely
developed fiber directional coupler technology. However, the ring size is relatively large and the
device is bulky. The fiber-based approach by itself can be tuned by either a thermal or a

piezoelectric driving source but is limited in tuning or crossbar reconfiguration speeds up to a few
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MHz. A modified fiber-based ring crossbar structure has been identified that will increase its
tuning/switching speed by implementing the device with fiber pigtailed waveguide electro-optic
phase modulators. Based on such considerations, the simplicity of the crossbar demonstration,
and the near-term commercialization possibilities, we chose the fiber-based ring device the crossbar
switch design for the Phase I feasibility study. In the Phase II 4 x 4 crossbar switch
development, both fiber and waveguide ring structures may be considered.

To demonstrate the feasibility of the fiber-based ring crossbar concept, a fiber-based ring resonator
with both input and tap couplers was fabricated. The fiber-based ring device is based on single-
mode polarization-maintaining fiber and directional coupler for input and tap couplings. The ring
loop length is approximately 23 cm and the piezoelectric tuner is approximately 3.8 cm in length.
The driving circuit used to provide nearly 100 V of ramp voltage was also designed and
fabricated. At the HeNe laser wavelengths of 632.8 and 611.9 nm the fiber-based ring resonator
has demonstrated the desired wavelength selective switching operation with device finesse of about
19 under zero tap coupling and 6 with some tap coupling. The non-optimized fiber-based ring
device is capable of providing over 36% throughput with a potential of over 80% throughput
efficiency. The resonator crossialk is measured to be -8 dB with a potential of over -33.86 dB.
Optimizing the device is possible by reducing the coupler substrate radiation loss, which is high in
the present device due to fabrication defects. Also, a proton-exchanged channel waveguide was
fabricated with polished device end faces. A fiber/waveguide pigtailing experiment was conducted
during Phase 1 to show the capability of such pigtailing methodology at our facilities. The
demonstrated efforts in both the fiber-based resonator switch and fiber/waveguide pigtailing can be
used in Phase II to realize an optimized 4 x 4 ring resonator based crossbar switch.

The successful demonstration of the ring resonator switch and the ring based crossbar device can
result in a number of applications. A potential application of the new crossbar is its use as an

active wavelength division multiplexer and demultiplexer. The crossbar can also be used as an
active wavelength filter, for multi-level switching, phased array antenna applications,
environmental sensing, multilevel logic and signal quantization. Other applications in high-speed
data switching, computing, and fiber communication can also benefit from the high reconfiguration
rate and dynamics of the crossbar design.
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